We report a novel and innovative electrochemical paper-based immunocapture assay (EPIA) to address the need for ultrasensitive detection of emerging pollutants without regulatory status and whose effects on environment and human health are not completely yet understood. In particular, we present the application of this system towards highly sensitive detection of the emerging pollutant ethinyl estradiol (EE2). The EPIA approach is based on the use of paper microzones modified with silica nanoparticles (SNs) and anti-EE2 specific antibodies for capture and pre-concentration of EE2 from river water samples. After the preconcentration procedure, the paper microzones are placed onto a screen-printed carbon electrode modified with electrochemically reduced graphene (RG). The bound EE2 is subsequently desorbed adding a diluted solution of sulfuric acid on the paper microzones. Finally, recovered EE2 is electrochemically detected by OSWV. The proposed novel methodology showed an appropriate LOD and linear range for the quantification of EE2 for water samples with different origins. The non-sophisticated equipment required, the adequate recovery values obtained (from 97% to 104%, with a RSD less than 4.9%), an appropriate LOD and linear range value (0.1 ng L -1 and 0.5-120 ng L -1 , respectively) achieved by our immunocapture sensor present significant analytical figures of merit, particularly when the routine quantification of EE2 is considered. In addition, our system was based on electrochemical paper-based technology, which allows obtaining portable, easy-to-use, inexpensive and disposable devices. The EPIA can also serve as a general-purpose immunoassay platform applicable to quantitation of other drugs and emerging pollutants in environmental samples.
The presence of new pollutants in wastewater and aquatic environments has received considerable attention during the last years. "Emerging pollutants" are new products or chemicals without regulatory status and whose effects on the environment and human health are so far mostly unknown. 1, 2 Among the emerging pollutants, several pharmaceutical products are currently found in water samples. The most widely used oral contraceptive formulations contain ethinyl estradiol (EE2), a synthetic hormone derived of the natural estrogen estradiol. In contrast to the last one, EE2 is resistant to degradation by liver; therefore a great amount of EE2 and its derivatives are introduced into the environment. EE2 is considered as an endocrine disrupting compound (EDC) 3 , having negative impact on the reproductive system of wild animals. 4, 5 In addition, some studies report that EE2 might have important consequences on human health. 6, 7 For this reason, the quantitative determination of EE2 in natural water samples has become an important challenge. Due to its low concentration in water, in the range of ng/L 8 , common methods include a previous step of separation and pre-concentration, such as solid-phase extraction and determination by high-performance liquid chromatography, coupled with mass spectrometric detection. 9, 10 These techniques allow to develop sensitive methods, but they have some limitations such as being time-consuming, and requiring both large volumes of sample and expensive equipment, precluding fast, on site analysis. Alternatively, an enzyme immunoassay has been developed for the determination of EE2 in environmental samples. 11 This test shows high selectivity due to the specificity of the antigen-antibody recognition, but it has the disadvantage of having a long total assay time. In addition, electrochemical immunosensors, which combine the features of electrochemical detection with the use of magnetic nanoparticles, have been applied to environmental samples. 12 These methodologies need however highly skilled technicians, making them difficult for application in routine work, particularly in fast assessment of pollutants on-site.
Since Martinez et al. 13 described a method to obtain patterned papers, paper-based analytical devices (PADs) have become a rising alternative in the field of lab-on-chip. PADs represent a promising technology for the development of new analytical biosensors 14, 15 , because they open the possibility of combining highly sensitive methods and complex functions in low-cost devices, with rapid and simple fabrication. 16 The PADs have been applied in different fields, such as public health, 17, 18 food quality control 19 and environmental monitoring, 20, 21 among others. Dungchai et al. reported for the first time a microfluidic PAD with electrochemical detection using screen-printed carbon 22 for the determination of glucose, lactate, and uric acid in biological samples. The use of PADs for separation and pre-concentration of analytes from complex samples arises as one interesting approach towards the development of new portable analytical devices. This application turns them into an interesting strategy when the determination of low levels of several compounds is desired.
The paper surface is an excellent matrix for easy biomolecule immobilization; this advantage can be exploited in the development of biosensors. For example, Cheng et al. 23 propose a paper-based ELISA which presents several advantages over conventional ELISA. Antibodies can be covalently bonded onto the paper surface by a chemical attack on the cellulose 16 or by plasma treatment. 24 Consequently, an inexpensive platform for immunocapture can be obtained. Also, the paper surface offers a remarkable matrix which can be easily modified with nanomaterials, generating new surfaces with different characteristics. Silica nanoparticles (SNs) have been previously used as support nanomaterial in microfluidic devices because they increase the surface for immobilization of biomolecules, permitting to enhance their incorporation into devices, therefore leading to signal enhancement. 25 Moreover, SNs show good monodispersity, stability and they can be easily functionalized. These features make them an excellent option for PADs surface modifications. 26, 27 An interesting approach for sensing EE2 is based on the electrochemical behavior of this synthetic hormone. [28] [29] [30] This feature allows to combine the specificity of the antigenantibody recognition with electrochemical techniques for monitoring its concentration in environmental samples. These allow for high sensitivity, fast detection and low-cost equipment. In addition, electrochemical signaling could be improved by employing nanomaterials, such as noble metal nanoparticles, nanostructured metal oxides or carbon-based nanomaterials. 31, 32 These latter ones are the most widely used in electrode surface modifications due to their inherent conduction properties. Besides, they allows to obtain an increased active surface and consequently improved sensitivity and lower detection limits. 33 Particularly, graphene has emerged as an interesting nanomaterial due its unique properties, that include high surface area, high mechanical strength, low cost, ease of processing, safety and high electric conductivity. 34, 35 Due to these advantages, graphene is an excellent choice of nanomaterial for electrochemical biosensing. 36, 37 Modified electrodes could be coupled to different reaction platforms, PADs being one of them. Moreover, paper has the advantage of being biodegradable, biocompatible, renewable and readily modifyable. 38 The goal of this work was to develop a novel paper-based immunocapture assay for quantitative determination of EE2 in water samples. The method is based on the use of paper mi-crozones modified with SNs and anti-EE2 specific antibodies for the capture, pre-concentration and determination of EE2. The paper microzones were to be read-out by transfer to a screen-printed carbon electrode (SPCE) modified with electrochemically reduced graphene (RG). Recovered EE2 was electrochemically detected by Osteryoung square wave voltammetry (OSWV) where the obtained oxidation current was proportional to the EE2 concentration in the sample. This method could be a novel and efficient analytical tool for the determination of any pollutant in water samples, an answer to the growing need for inexpensive, sensitive, rapid and portable detection systems. In addition, it can be proposed for separating sampling from analysis.
EXPERIMENTAL SECTION
Reagents and solutions. All reagents were of analytical or biochemical grade. Ethinylestradiol and Whatman paper #1 (WCP#1) were purchased from Sigma Chemical Co., St. Louis, Missouri, USA. Polyclonal rabbit anti-EE2 Ab (SA 2150) 39 was supplied by BAM Federal Institute for Materials Research and Testing, Berlin, Germany. Glutaraldehyde (25% aqueous solution), hydrogen peroxide (H 2 O 2 ) and sulfuric acid were purchased from Merck, Darmstadt, Germany. 3-aminopropyl functionalized silica (50 nm particle size), graphite and humic acid were purchased from Sigma Aldrich, Argentina. All other reagents and solvents of analytical grade were used without further purification; the presence of EE2 was not detected in the working range. All solutions were prepared with ultra-high quality water obtained from a Barnstead Easy pure RF compact ultra-pure water system. The river water samples were collected from four rivers of San Luis State, Argentina (Potrero de los Funes, El Trapiche, El Volcán and San Luis rivers).
Instrumentation. Electrochemical measurements were performed using a BAS 100B (electrochemical analyzer Bioanalytical Systems West Lafayette, IN, USA). All the electrochemical measurements were performed using screen-printed carbon electrodes (SPCE) (PalmSens). The paper microzones were printed using a ColorQube 8570 wax printer. The oxidation of the paper surface was carried out by an oxygen plasma cleaner (Plasma Technology PLAB SE80 plasma cleaner).
The morphology of SNs immobilized on paper microzones and graphene immobilized over working electrodes were studied by a LEO 1450VP scanning electron microscope (SEM). The analysis of the elemental composition of modified surfaces was made using energy-dispersive X-ray spectroscopy (EDS) with a LEO 1450VP scanning electron microscope. The improvement of the signal by using SNs in the paper modification was characterized through laser-induced fluorescence (LIF) using a SVM340TM synchronized video microscope (LabSmith).
Graphene synthesis. Graphene oxide (GO) was synthesized using a modified Hummers method 40 with the following modifications. In brief, 48 mL of concentrated H 2 SO 4 were added to a mixture of graphite (1 g) and NaNO 3 (1 g), which was cooled down to 0°C in an ice bath. Then, 6 g of KMnO 4 were slowly added maintaining the temperature below 20°C and allowed to react for 3 hours with mechanical stirring at 35°C. Next, 200 mL of H 2 O 2 3% were added to the reaction mixture which was stirred for 30 min. The mixture was centrifuged at 3700 rpm for 30 min and the supernatant was discarded. Then, the remaining solid material was washed and Page 2 of 9 Analytical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 centrifuged with bidistilled water until reaching a neutral pH. The colloidal suspension of GO was obtained adding 1 mL of bidistilled water to 1 mg of the obtained solid. The mixture was kept under ultrasound for 10 h and finally the suspension of GO was centrifuged at 3700 rpm for 30 min and the solid was discarded.
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Electrode modification with reduced graphene. The working electrode surface was modified with electrochemically reduced GO. Briefly, 5 µL of GO solution (0.1 mg mL -1 ) were dropped on the working electrode surface of the SPCE and the solvent was evaporated under a heating lamp. Then, the GO was electrochemically reduced applying a potential of -1200 mV for 800 s in a 0.5 M NaNO 3 solution at pH 4. This potential was selected as optimum following the work of Toh et al. 41 The modified surface of the working electrode was characterized by SEM and EDS. Also, an electrochemical characterization was carried out monitoring a Fe(CN) 6 4-/3solution (1 mM K 4 [Fe(CN) 6 ]/K 3 [Fe(CN) 6 ] in 0.1 M KCl (pH 6.50)) by Cyclic Voltammetry in a potential range from -300 mV to 600 mV.
Paper microzone fabrication. The paper microzones were designed and drawn using CorelDraw software version 11.0 (Corel) and were printed onto paper surfaces by a ColorQube 8570 wax printer. The microzone design consisted of a circular shape of 7 mm in diameter. The printed papers were exposed to heat (at approximately 80°C for 3 min); consequently, the printed wax design permeated through the paper and generated a hydrophobic barrier.
Modification of paper with silica nanoparticles and anti-EE2 antibody immobilization. The paper microzones were treated with plasma for 2 minutes to produce aldehyde groups on the exposed surface. After oxidation, 15 µL of aminopropyl functionalized SNs (50 µL mL -1 ) were added and left to react at room temperature for 90 min. Then, the papers microzones were washed three times with bidistilled water and were dried with blotting paper to absorb the excess water from the paper microzones. Later, 15 µL of glutaraldehyde pH 10 were placed on the microzones and left to react for 90 min at room temperature. Next, 5 µL of anti-EE2 antibodies (1:100 dilution of purified serum) were added and the paper microzones were incubated for 30 min at room temperature, followed by a washing step with phosphate buffered saline solution (PBS) (0.01 M pH 7.2) to remove excess antibody. In order to avoid unspecific binding, the modified paper microzones were blocked with 1% of bovine serum album (BSA) in PBS. Finally, the paper microzones with SNs and anti-EE2 antibodies covalently immobilized (P-SN-anti-EE2) were washed three times with PBS and were then ready to use.
Modified paper surfaces were characterized by SEM and EDS. In addition, the immobilization in modified paper microzones was studied. In brief, a colorimetric assay was developed using horseradish peroxidase (HRP) to assess the modifications of three different paper microzones: a) unmodified paper, b) paper previously treated with plasma, c) paper previously oxidized with plasma and subsequently modified with SNs. Then, the three paper microzones were subjected to a fluorescence assay evaluated by an LIF detector. HRP in presence of H 2 O 2 catalyzes the oxidation of 10-acetyl-3,7 dihydroxyphenoxazine (ADHP) to highly fluorescent resorufin, which was measured using an excitation wavelength of 550 nm an emission at 585 nm for detection.
Sample preparation. The proposed method was developed for the quantification of EE2 in river water samples. The samples were collected from four rivers of San Luis State, Argentina. Tap water and ultrapure water were used as controls. For EE2 determination by our electrochemical paper-based immunocapture assay, water samples were passed by gravity through filter paper (Whatman) and by vacuum through 934-AHTM RTU glass microfiber filters (Whatman), in accordance with Schneider et al. 42 Finally, the samples were adjusted to pH 7 using 0.1 M phosphate buffer.
Matrix interference. Organic matter is known to interfere with some immunoassays. Therefore, the effect of the natural matrix on the response of the proposed method was evaluated following the procedure of Schneider et al, 42 which employs humic acid to simulate organic matter. Different concentrations of humic acid were added to EE2 standard solutions and the response of the proposed method was evaluated.
EE2 determination. In the paper-based immunocapture step, 250 mL of preconditioned sample solution containing EE2 were placed into a 500 mL beaker. Then, the P-SN-anti-EE2 was added to the sample and mixed for 30 min by continuous stirring. Subsequently, the P-SN-anti-EE2 was extracted from the sample with laboratory tweezers, washed with PBS and allowed to dry for 2 min. In order to perform EE2 determination, the P-SN-anti-EE2 with the pre-concentrated EE2 was placed over the RG-SPCE and then, 20 µL of H 2 SO 4 10 mM were added. This solution destabilizes antigen-antibody binding, releasing the EE2 bound in the paper-based immunocapture step. After 2 minutes, the EE2 present in the sample was quantified by OSWV with the following settings: step potential E = 4 mV, SW amplitude = 25 mV, SW frequency = 15 Hz, samples per point = 256, potential range = 300-1100 mV, sensitivity = 1 × 10-5 A V -1 . Fig. 1 shows a schematic representation of the EPIA for the quantitative determination of EE2 in water samples. The obtained current was proportional to the EE2 concentration in the sample. The total assay time required for the EE2 determination by the electrochemical paper-based immunocapture assay was lower than 40 min (Table S- Schematic representation of the electrochemical paperbased immunocapture assay (EPIA) for the quantitative determination of ethinylestradiol (EE2) in water samples. Paper microzones, modified with silica nanoparticles (SNs) and anti-EE2 specific antibodies, were added to river water samples for the capture and pre-concentration of EE2. Then, the paper microzones were placed on the surface of reduced graphene on a screenprinted carbon electrode (SPCE). The bound EE2 was desorbed adding onto the paper microzones a diluted solution of sulfuric acid. The recovered EE2 was electrochemically detected by square-wave voltammetry (SWV).
RESULTS AND DISCUSSION
Characterization of the electrode. The working electrode of the SPCE was modified with synthesized GO and was electrochemically reduced applying a potential of -1200 mV for 800 s in a 0.5 M NaNO 3 solution at pH=4. The modified electrode surface was characterized by SEM. A homogenous dispersion of GO sheets onto the working electrode surface was observed ( Fig. 2a) as well as the graphene agglomeration due to the electrochemical reduction (Fig. 2b) . Fig 2c shows the EDS elemental analysis of the modified surfaces. It can be observed that the C/O atomic ratio decreases significantly from the GO samples (15.5) as compared to RG (3.5), demonstrating that most of the oxygen-containing functional groups in the GO sheets were eliminated after reduction.
The modified electrodes were electrochemically characterized by Cyclic Voltammetry of 1 mM Fe(CN) 6 4-/3solution. Fig. 3a shows well-defined cyclic voltammograms (CV) at the SPCE surface (black line). The red line illustrates the voltammetric response of the redox couple on the RG-SPCE surface. When the GO was electrochemically reduced on the electrode surface, the peak current obtained was larger than the one observed for bare SPCE, indicating that the RG improved the conductivity and increased the active surface area of the electrode. The effect of the scan rate on CVs obtained using the RG-SPCE was also studied (Fig. 3b) . The oxidation and reduction current peaks exhibit a linear correlation with the square of scan rate (Fig. 3b inset) in the studied range (20-300 mV s -1 ). These results indicate that this is a fast electrochemical and diffusion-controlled process. One of the most important parameters in the use of modified electrodes is the optimum concentration of the employed nanomaterial. In our experiments, the working electrode was modified with the following concentrations of GO: 1 mg mL -1 , 0.5 mg mL -1 , 0.1 mg mL -1 , 0.05 mg mL -1 and 0.01 mg mL -1 . After the electrochemical reduction of the GO, each RG-SPCE was used for monitoring a Fe(CN) 6 4-/3solution. Fig. 4a shows that the use of graphene concentrations below 0.05 mg mL -1 does not show differences compared to the clean electrode and Fig. 4b shows that the use of graphene concentrations above 0.1 mg mL -1 passivated the electrode. Furthermore, an important goal is to obtain a homogeneous graphene layer onto electrode surface with a good electrochemical reversibility. These were evaluated by the ratio of the anodic and cathodic peak currents (Ipa/Ipc) as a function of the graphene concentration and related with the variation of the electroactive area (Fig. 4c) . Fig. 4c also shows that the electrochemical reversibility and the electroactive area decay when the graphene concentration is higher than 0.1 mg mL -1 .
These trends can be attributed to the graphene layers dispersion onto the electrode surface. When low concentrations of RGO are used, a homogeneous distribution of the graphene Page 4 of 9 Analytical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 layers is achieved. While at high concentrations a nonhomogeneous distribution is generated causing a decrease in current and a loss of system reversibility. 43 For these reasons, the 0.1 mg mL -1 graphene solution was used for optimal electrode modification. Electrochemical study of EE2. The electrochemical behavior of EE2 was evaluated by Cyclic Voltammetry. A cyclic voltammogram for the potential range 0-1000 mV of a 10 ppm EE2 in 10 mM sulfuric acid solution (scan rate: 50 mV s -1 ; T = 25 ± 1 °C) is shown in Fig. 5 . The voltammogram exhibits a single irreversible anodic peak at 710 mV corresponding to a two-electron transfer mechanism 44 and showing that the oxidation of EE2 is an irreversible process in this reaction medium. As can be seen in Fig. 5a , the modification of the electrode surface with RG increased the oxidation peak current and hence, the sensitivity of the method. Fig. 5b shows the voltammograms obtained by SWV for 10 ppm EE2 solution in sulfuric acid using SPCE and RG-SPCE. Different instrumental variables were studied for the SWV measurement and the optimum conditions were: step E = 4 mV, SW amplitude = 25 mV, SW frequency = 15Hz, samples per point = 256, potential range = 300-1100 mV and sensitivity = 1 × 10-5 A V -1 . Fig. 5b shows that the use of RG on the working electrode surface increased the oxidation peak current for EE2 under the optimized experimental conditions. Characterization of the modified paper microzone. In order to improve the efficiency of the immunocapture step, SNs were incorporated into paper microzones. The morphology of paper surface modified with SNs was studied by SEM. Fig. 6a shows a micrograph of a paper zone modified with SNs. The diameter of the nanoparticles was in a range of 50 nm. The elemental composition was analyzed by EDS, the peak corresponding to Si at 1.74 keV can be observed in the spectrum obtained (Fig. 6b ). This proves that the modification with SNs was performed.
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With the purpose of evaluating the amplification effect of SNs, we compared the obtained enzymatic signals for 1 mM ADHP + 1µL mL -1 H 2 O 2 solution with (a) HRP immobilized onto an unmodified paper microzone, (b) HRP immobilized onto a plasma treated paper microzone and (c) HRP immobilized onto a plasma treated paper microzone modified with SNs. Fig. 6c shows that the enzymatic response was higher when the paper was modified with SNs. Moreover, the signal amplification due to the SNs incorporation was demonstrated by carrying out the immunocapture and the SWV measurement of 120 ng L -1 of EE2 using a PAD with anti-EE2 antibodies immobilized and another PAD with SNs and anti-EE2 antibodies (Fig. 6d ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 H 2 SO 4 concentration. The concentration of the EE2 desorption solution is an important parameter that had to be optimized. For this purpose, the sulfuric acid concentration was studied in the range 5-20 mM. The current intensity increased when the H 2 SO 4 concentration was increased until 10 mM, then it remained relatively constant. Therefore, for the EE2 desorption solution 10 mM sulfuric acid was selected as optimum concentration.
Matrix interference. The response of the proposed method in the presence of humic acid (HA) was evaluated as a simplified model for the determination of matrix effects. The obtained signal in the electrochemical determination was proportional to the amount of analyte bound in the immunocapture step. Although the interference mechanism is not fully understood, there may occur unspecific binding of the HA to the antibodies that can mimic the matrix effect. 11 The effect of adding HA concentrations between 0.2 and 20 mg L -1 to EE2 standards studied is shown in Fig. 7 . The selected concentration range for HA is in agreement with the mean values of dissolved organic carbon reported by Leech et al. 45 Although there was a loss of sensitivity when the HA concentration increased above 10 mg L -1 , no significant differences were found for this concentration of HA (P<0.01, n=5, t-test).
EE2 quantitative determination and its application on water samples. Under the optimized conditions described above, a linear calibration curve to quantify the EE2 concentration in river water samples was obtained within the range 0-120 ng L -1 using EE2 standard solutions. The linear regression equation obtained was ∆i = 4.38 ± 8.28 x CEE2 with a correlation coefficient r = 0.998. The LOD was considered to be the concentration that gives a signal 3 times the standard deviation of the blank above its signal. For the electrochemical detection of EE2 the LOD was 0.1 ng L -1 . Five natural and spiked water samples were analyzed to validate the reliability of the proposed method. After six measurements for each sample, the concentration of EE2 was determined and the results were listed in Table 1 . The recovery values obtained from spiked samples ranged from 97.5% to 103.7%, with a relative standard deviation of less than 4.9%, which indicated that the proposed method had a good accuracy and precision for quantitative detection of EE2 in water samples. The selectivity of the anti-EE2 antibodies was studied by Schneider et al. 46 They evaluated cross-reactivity (CR) of the EE2 antiserum for estrone, estriol and the sulfate and glucuronide conjugated at ring position 17, and only poor reactivities were observed (CR<0.5%). Concluding that the EE2 anti-Page 6 of 9 Analytical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 serum exhibits excellent selectivity for EE2. Also, the intra and Inter-assay reproducibility was evaluated; the intra-assay precision was tested with six measurements for each EE2 control. These series of analyses were repeated for three consecutive days to estimate Inter-assay precision. The EE2 assay showed good precision; the RSD within-assay values were below 4.65 % and the between-assay values below 5.2 % (Table S- 2, supplementary data). Also, it was clearly demonstrated that there were no matrix effects in EE2 determination in these real-world river water samples. The proposed paper-based immunocapture assay was compared with a spectrophotometric immunoassay 42 for the quantification of EE2 in river water samples and spiked water samples. These results were compared, and no significant differences were found (P<0.0, n=6, t-test) between both methods (Table S- 

3, supplementary data).
To the best of our knowledge, only a few articles have been published related to the quantitation of EE2 in water samples. Table 2 summarizes and compares the most relevant articles related to EE2 determination in water samples. 11, 30, 42, [47] [48] [49] [50] [51] . Whereas just one of these articles have the advantage of improved sensitivity 30, all mentioned manuscripts show complex sample processing steps, reiterated manual intervention and long incubation times, which do not meet usability requirements for point-of-care or point-of-incident diagnostic applications. In comparison to the studies in Table 2 , we proposed a novel EPIA method in which the manual intervention is limited to simple steps that can be carried out by personnel without previous intensive training. It is important to highlight that the proposed electrochemical paper-based immunocapture assay is a novel methodology that shows an appropriate LOD for the quantification of EE2, not only for river water samples but also for other water samples. In comparison with the mentioned manuscripts in Table 2 , the developed EPIA method is the only electrochemical paper-based immunocapture method reported to date which is prepared in a simple and inexpensive procedure. The simple equipment and straightforward technique required by our immunocapture sensor, the accuracy and the appropriate LOD and linear range achieved represent relevant parameters, particularly when the routine quantification of EE2 is considered. In addition to the above-mentioned features, our system was based on paper-based technology, which allows obtaining portable, easy-to-use, inexpensive and disposable device.
CONCLUSION
In this work, we described a novel EPIA method for the determination of EE2 in river water samples. We envision an EPIA platform to be a simple-to-use device in which manual intervention is limited to introducing the PAD into the sample, loading the PAD over the RG-SPCE and hitting the start button for the electrochemical measurement. The developed method combines the specificity of the immunochemical binding and the inherent sensitivity of OSWV with the advantage of the use of paper-based analytical devices, providing sensitivity, ease-of-use, low cost and short assay times. The incorporation of SNs as bioaffinity support increased the active area of the PAD. Furthermore, the modification of the working electrode with graphene improved the sensitivity of the method. The proposed EPIA can also serve as a general-purpose immunoassay platform for point-of-care and point-ofincidence applications providing a revolutionary methodology with possible use for monitoring other drugs and emerging pollutants in environmental samples.
Table 2. Comparison of available methods for determination of EE2
Method LOD (ng L -1 )
Linear range (ng L -1 ) Reference ELISA 20 20-1x10 4 [11] Solid-phase extraction coupled with liquid chromatography tandem mass spectrometry 7 7-100 [47] Competitive homogeneous energy transfer immunoassay 10 40-2x10 5 [48] Bioseparation procedure coupled with electrochemical detection 0.01 0.02-70 [30] Chemiluminescence ELISA 0.2 0.8-100 [42] Electrochemical detection based on magnetic nanoparticles 10 10-1x10 3 [49] Solid-phase microextraction coupled to gas chromatography-mass spectrometry 10 27-1.95x10 5 [50] Solid-phase extraction coupled HPLC-MS 0.2 1-100 [51] Paper-based immunocapture assay (EPIA) 0.1 0.5-120 This paper
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